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Abstract: A gene encoding β-mannanase from Aspergillus niger GIM3.452 was amplified and inserted into a pPIC9K vector. The
resulting recombinant plasmid, pPIC9K-MAN, was transformed into Pichia pastoris GS115. One strain (GSKM-1) having the highest
β-mannanase activity of 26.6 U/mL was obtained. In order to increase the secretion of β-mannanase in P. pastoris, we constructed a
double recombinant yeast and made it coexpress protein disulfide isomerase. One strain (GSKZαM2) with the highest β-mannanase
activity of 40 U/mL was then obtained and used to optimize expression conditions. When the GSKZαM2 strain was induced under the
optimized conditions (methanol concentration 1.5%, induction time 7 days), β-mannanase activity reached 222.8 U/mL. SDS-PAGE
and deglycosylation assays demonstrated that the recombinant A. niger β-mannanase, a glycosylated protein with an apparent molecular
weight of 45 kDa, was secreted into the culture medium. It displayed maximum activity at pH 4.4 and 60 °C, and it was stable in a pH
range of 2.4–8.0 and at a temperature of 60 °C or below. Our results suggested that coexpression chaperones could improve the yield of
β-mannanase.
Key words: Aspergillus niger, β-mannanase, Pichia pastoris, protein disulfide isomerase, expression condition optimization

1. Introduction
The methylotrophic yeast Pichia pastoris expression
system, as an eukaryotic expression system, has been
a favorite system for expressing heterologous proteins
(Cereghino and Cregg, 2000). A great number of
heterologous proteins have been successfully expressed in
P. pastoris so far (Cereghino et al., 2002). The heterologous
proteins produced by P. pastoris are often secreted into
the media, which facilitates downstream purification.
Secretory proteins are folded in the endoplasmic reticulum
(ER) and only correctly folded proteins are secreted into
the extracellular medium (Sitia and Braakman, 2003). The
misfolded proteins could accumulate in the ER, resulting
in a low protein yield (Hohenblum, 2004).
Disulfide bond formation is essential for the correct
folding of proteins in the ER. Protein disulfide isomerase
(PDI) is an ER-associated molecular chaperone that helps
in rearrangement of incorrect disulfide pairings (Gilbert,
1998). Enhancement of secretion levels of recombinant
proteins in yeast by overexpression or coexpression of
PDI has been documented in literature (Smith et al., 2004;
* These authors contributed equally to this work.
** Correspondence: zqhuang@sicau.edu.cn
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Inan et al., 2006; Tsai et al., 2006; Powers and Robinson,
2007; Zhang et al., 2011; Sha et al., 2013).
β-Mannanase (β-1,4-D-mannan mannohydrolase, EC
3.2.1.78) can hydrolyze the internal β-1,4-D-mannosidic
linkages in mannan and heteromannan. β-Mannanase
is widely applied in various industrial processes, such as
bleaching pulps, depolymerizing antinutritional factors
in animal feedstuffs, and producing biofuel. However, the
extensive application of β-mannanase is still limited by its
low catalytic activity and high production cost. Therefore,
it is necessary to increase its catalytic activity and/or yield
to meet the increasing needs for β-mannanase. Many
studies have been performed on enhancing β-mannanase
catalytic activities by mutating enzyme-producing strains,
optimizing expression conditions, and constructing
double vector systems (Roth et al., 2009; Wu et al., 2011;
Tang et al., 2014).
In this study, the Aspergillus niger β-mannanase gene
was cloned and efficiently expressed in P. pastoris X-33
via a coexpression system. In addition, the expression
conditions of the P. pastoris GSKZαM2 strain were
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optimized. Enzymatic properties were also characterized.
To our knowledge, this is the first report on improving the
expression level of β-mannanase in P. pastoris using PDI
coexpression.
2. Materials and methods
2.1. Materials
E. coli DH5α (TIANGEN Biotech, China) was used as
the host-vector system. P. pastoris host strains X-33 and
GS115 and plasmids pPCIZαA and pPIC9K (a gift from Dr
Yunhe Cao, College of Animal Science and Technology,
China Agricultural University, Beijing, China) were
used for protein expression. The UNIQ-10 spin column
DNA gel extraction kit was obtained from Sangon Corp.
(China). The restriction enzymes and DNA ligation kit
were purchased from TaKaRa (China). DNA marker,
2X Taq PCR master mix, and protein molecular weight
marker (low) were obtained from TIANGEN Biotech. The
prestained protein molecular weight marker was obtained
from Beyotime Company (China). All primers used in this
study were synthesized by Shanghai Sangon Biological
Engineering Technology & Services Co. Ltd. (China).
2.2. Cloning of A. niger β-mannanase gene and
construction of plasmid pPIC9K-MAN
A. niger GIM3.452 was purchased from the Microbial
Culture Collection Center of the Guangdong Institute of
Microbiology. The strain was grown in a 250-mL shaker
flask containing 50 mL of Czapek-Dox liquid medium
(sucrose, 30 g; NaNO3, 3 g; MgSO4.7H2O, 0.5 g; KCl, 0.5
g; FeSO4.7H2O, 0.01 g; K2HPO4, 1 g; distilled water, 1000
mL; pH 7.2) in a shaking incubator (200 rpm) at 25 °C for
4 days. The strain was then harvested for RNA isolation.
Total RNA was isolated using the RNAiso Plus reagent
(TaKaRa) according to the manufacturer’s instructions.
RNA was reverse transcribed to cDNA using a PrimeScript
RT reagent Kit with gDNA Eraser (TaKaRa) according to
the manufacturer’s protocols.
The full coding region of A. niger β-mannanase was
PCR-amplified from the cDNA prepared above. The
degenerate primers used were 5’-ATGAAG(T/C)T(C/T)
TC CA(G/A)C(T/G)CCCTC-3’ (forward) including the
initiation codon and 5’-TTA(G/A)GC(G/A)CTA(T/C)
(G/C)AATA(T/G)CAGCAAG-3’ (reverse) including the
termination codon, which were designed based on regions
of high homology among the sequences of the filamentous
fungi β-mannanase. The purified PCR product was cloned
into pMD19-T vector (TaKaRa) and sequenced, resulting
in pMD19-T-Man.
The cDNA encoding the mature A. niger β-mannanase
was amplified from pMD19-T-Man using primers
EcoRI-MAN (5’-CCGGAATTCCTGCCGAAAGCCTC
CC-3’) and NotI-MAN (5’-ATAAGAATGCGGCCG
CTTAAGCACTACCAATAG-3’). Primer EcoRI-MAN

contained an EcoRI site, and primer NotI-MAN introduced
a NotI site (bolded). After digestion with EcoRI and NotI,
the PCR product was cloned into the pPIC9K plasmid to
generate pPIC9K-MAN.
2.3. Cloning of P. pastoris PDI gene and construction of
plasmid pPICZαA-PDI
The P. pastoris PDI gene (GenBank accession
number EU805807) was amplified by PCR from the
total RNA extracted from the P. pastoris. The genespecific primers (PDI-F and PDI-R) were as follows:
5’-CCGGAATTCATGCAATTCAACTGGAATAT
TAAAACTG-3’ (forward) and 5’-GCTCTAGATTAAAG
CTCGTCGTGAGCGTC-3’ (reverse). Primer PDI-F
contained an EcoRI site, and primer PDI-R introduced an
XbaI site (underlined). After double-digestion with EcoRI
and XbaI, the purified PCR product was cloned into the
pPICZαA plasmid to generate pPICZαA-PDI.
2.4. Expression by coexpression system
First, the recombinant plasmid pPIC9K-MAN was
linearized with SacI and transformed into P. pastoris
GS115 by electroporation with a GenePulser Xcell device
(Bio-Rad, USA). Positive transformants, called P. pastoris
GSKM strains, were screened for their ability to grow
on minimal dextrose plates. Each single colony of P.
pastoris GSKM strains was then successively inoculated
on geneticin G418-containing yeast extract-peptonedextrose (YPD) plates at increasing concentrations of
0.5, 1.0, and 2.0 mg/mL for screening multiple copies
of the β-mannanase. Expression of β-mannanase in P.
pastoris was measured according to the EasySelect Pichia
Expression Kit (Invitrogen, USA; Catalog No. V175-20).
One strain having the highest β-mannanase activity,
designated as GSKM-1, was selected and used for the
subsequent transformation.
Secondly, the selected GSKM-1 was used for the
preparation of competent cells and transformed with the
pPICZαA-PDI linearized with SacI. The corresponding
transformants were inoculated on Zeocin-containing
YPD plates at increasing concentrations of 100, 250, 500,
and 1000 µg/mL for screening multiple copies of the
β-mannanase. These plates were then incubated at 28 °C
for 2–3 days until single colonies were observed. Through
flask expression test, one strain having the highest
β-mannanase activity, named as GSKZαM2, was obtained
and used to optimize the expression conditions.
2.5. Optimization of the expression conditions
To optimize methanol concentration, the GSKZαM2
strain was grown overnight at 28 °C in 30 mL of BMGY
under continuous shaking (250 rpm). Cells were harvested
by centrifugation (5 min, 3000 × g) and resuspended in 50
mL of BMMY followed by incubation by adding methanol
concentrations ranging from 0.5% to 3.0% (v/v) at 24-h
intervals at 28 °C. After 5 days of methanol induction,
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culture supernatants were collected by centrifugation
at 12,000 rpm for 5 min and used for enzymatic activity
analysis.
To optimize the methanol induction time, the
GSKZαM2 strain was inoculated into BMMY media and
induced by adding methanol to a final concentration
of 1.5% at 24-h intervals at 28 °C. At 0, 1, 2, 3, 4, 5, 6,
7, 8, 9, and 10 days of induction by methanol, culture
supernatants were collected as described above and used
for enzymatic activity analysis.
2.6. Production of polyclonal antibody against A. niger
β-mannanase
The purified recombinant A. niger β-mannanase expressed
in E. coli (prepared by our laboratory) was used for
raising antibodies in female Sprague Dawley rats. Three
rats were first immunized by multipoint subcutaneous
injection on the back using 0.2 mg of recombinant A.
niger β-mannanase with an equal volume of Freund’s
complete adjuvant. After 2 weeks, vaccinated rats were
boosted subcutaneously 3 times with a mixture of 0.2
mg of purified recombinant A. niger β-mannanase and
incomplete Freund’s adjuvant at 10-day intervals. Seven
days after the final injection, blood samples were obtained
and subjected to centrifugation at 5000 rpm for 10 min at
4 °C to separate antisera. The antisera were gathered and
stored in aliquots at –80 °C.
2.7. Western blot analysis
The culture supernatant of the GSKZαM2 strain was
collected by centrifugation and proteins were solubilized in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer, boiled for 5 min before
loading, and then subject to 12% SDS-PAGE. Western blot
analysis was performed as described by Wang et al. (2014).
Briefly, proteins were transferred to a nitrocellulose
membrane using a Semi-Dry Trans-Blot System (BioRad) after electrophoresis. After blocking with 3% dried
nonfat milk in TBST (20 mM Tris-base, 8 g/L NaCl, 0.05%
Tween-20, pH 7.6), the membrane was incubated with the
rat anti-A. niger β-mannanase polyclonal antibody and the
horseradish peroxidase-conjugated goat antirat IgG (Santa
Cruz Biotechnology, USA) as the primary and secondary
antibodies, respectively. The signals were visualized by
using SuperSignal West Pico Chemiluminescent Substrate
(Pierce, USA) according to manufacturer’s protocol.
2.8. Deglycosylation of recombinant A. niger
β-mannanase with endoglycosidase H
To determine if the recombinant A. niger β-mannanase
was N-glycosylated, the protein was digested with
endoglycosidase H (endo H) (New England BioLabs Inc.,
USA) according to the manufacturer’s directions. The
digested protein was analyzed by SDS-PAGE.
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2.9 Enzyme activity analysis and enzyme properties
The purified recombinant protein was step-by-step
dialyzed against 0.01 M PBS (pH 7.4) containing 6, 4, 2, or
0 mol/L of urea at 4 °C for 24 h (Chen et al., 2014). Enzyme
activity analysis and characterization of enzyme properties
were performed as described by Chen et al. (2007).
3. Results
3.1. Cloning of A. niger β-mannanase gene and
construction of plasmid pPIC9K-MAN
A 1152-bp β-mannanase gene fragment was amplified
from A. niger (Figure 1). The nucleotide sequence of
A. niger β-mannanase was deposited in GenBank with
accession no. KM288586. The deduced protein consisted
of an N-terminal signal sequence of 21 amino acids
(http://www.cbs.dtu.dk/services/SignalP/), followed by
a mature β-mannanase containing 362 amino acids with
a predicted molecular mass of 39,102 Da (http://www.
expasy.org). The amino acid similarities between the
β-mannanase from A. niger and other filamentous fungi
ranged from 49.8% to 98.7% (Figure 2).
The cDNA encoding the mature A. niger β-mannanase
was PCR amplified using the plasmid pMD19-T-Man as
a template and cloned into the plasmid pPIC9K between
EcoRI and NotI restriction sites. The recombinant plasmid
pPIC9K-MAN was confirmed by colony PCR and
sequencing. The construct of plasmid pPIC9K-MAN is
illustrated in Figure 3.

M

1

150 0 bp
1000 bp

Figure 1. Agarose gel electrophoresis of PCR products of A. niger
β-mannanase gene. Lane M: 250-bp DNA ladder marker; lane 1:
PCR products.
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Figure 2. Amino acid sequence alignment of A. niger β-mannanase (KM288586) with β-mannanase from filamentous
fungi. The sequences were derived from GenBank entries with accession numbers DQ328335 (Aspergillus sulphureus,
92.7% identity), L35487 (Aspergillus aculeatus, 70.7% identity), ABF50863 (Emericella nidulans, 65.4% identity),
HQ611963 (Aspergillus usamii, 98.7% identity), and L25310 (Trichoderma reesei, 49.8% identity). Identical amino
acids are marked in black bolding. The putative signal peptide sequence is shown with an arrow. Underlining shows
3 putative N-glycosylation sites.

3.2. Construction of P. pastoris pPIC9K-MAN/pPICZαAPDI
The plasmid pPIC9K-MAN was linearized and
transformed into P. pastoris GS115. Single colonies on

plates containing different concentrations of G418 were
chosen for flask expression test using the standard protocol
(Invitrogen). After induction by methanol for 4 days, the
culture supernatants of strains were used for enzymatic
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activity analysis. One strain (GSKM-1) with the highest
β-mannanase activity of 26.6 U/mL was chosen and used
as the host strain for transformation of pPICZαA-PDI.
The P. pastoris PDI gene was PCR-amplified and
cloned into the plasmid pPICZαA. The resulting plasmid,
pPICZαA-PDI, was transformed into P. pastoris GS115/
pPIC9K-MAN cells by electroporation. The transformed
cells were plated on YPD plates containing different
concentrations of Zeocin. The transformants were then
chosen for flask expression test. Four days after methanol
induction, the culture supernatants of strains were used
for enzymatic activity analysis. A recombinant P. pastoris
strain named GSKZαM2, having the highest β-mannanase
activity of 40.0 U/mL, was obtained and used for
optimization of the expression conditions.
3.3. Optimization of the expression conditions
The expression conditions, including optimal methanol
concentration and induction time for the β-mannanase
expression by the GSKZαM2 strain, were optimized
in detail. First, the GSKZαM2 strain was inoculated
into BMMY medium and induced by adding methanol
concentrations ranging from 0.5 to 3.0% (v/v) at 24-h
intervals at 28 °C for 5 days. The highest β-mannanase
activity was 180.1 U/mL at a methanol concentration of
1.5% (Figure 4A). Second, the strain was inoculated into

β-Mannanase
activity(U/mL)

Figure 3. Schematic illustration of the construction of pPIC9K-MAN and pPICZαA/PDI plasmids.

0

250
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2.5

3

(B)

1

2
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7
Time (days)
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Figure 4. Effects of methanol concentration and induction time
on the expression level of β-mannanase. (A) The GSKZαM2
strain was induced in a BMMY medium by adding methanol
concentrations ranging from 0.5% to 3.0% at 24-h intervals at 28
°C for 5 days. (B) The GSKZαM2 strain was induced in a BMMY
medium by adding methanol of 1.5% at 24-h intervals for 10
days at 28 °C. Error bars indicate the standard deviation from
the mean of 3 repeats.
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M

1

2

1

(45 kDa)

Figure 6. Identification of the recombinant A. niger β-mannanase
protein by western blot analysis. Lane 1: the supernatant of
recombinant strain without methanol induction; lane 2: the
supernatant of recombinant strain with methanol induction.

an optimal pH of 4.4 (Figure 7A). For pH stability, the
enzyme was preincubated in different pH buffers for
1 h at 40 °C. As shown in Figure 7A, the enzyme was
highly stable at a wide pH range of 2.4–8.0. The optimum
temperature was 60 °C (Figure 7B). After incubation at
various temperatures at pH 4.4 for 30 min, the enzyme
retained more than 75% of its original activity at 60 °C
or below, but activity declined rapidly above 60 °C and it
only retained 44.86% and 10.87% of its original activity at
70 °C and 80 °C, respectively (Figure 7B).

100
80
60
40
20

Figure 5. SDS-PAGE analysis of recombinant A. niger
β-mannanase after deglycosylation. Lane M: molecular mass
standard protein; lane 1: deglycosylated recombinant A. niger
β-mannanase; lane 2: recombinant A. niger β-mannanase.
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Relative activity (%)

BMMY medium and induced by adding methanol to a
final concentration of 1.5% at 24-h intervals at 28 °C for
different induction times (0–10 days). As shown in Figure
4B, the β-mannanase activity reached 222.8 U/mL at 7
days of induction by methanol and decreased slowly from
days 8 to 9. Taken together, β-mannanase was effectively
expressed in the GSKZαM2 strain when the culture was
induced with 1.5% methanol for 7 days at 28 °C. No
β-mannanase activity of the control strain was detected
under the same culture conditions (data not shown).
3.4. Deglycosylation analysis and identification of the
recombinant A. niger β-mannanase
The molecular weight of natural A. niger β-mannanase
mature peptide was about 39 kDa. However, the weight of
recombinant A. niger β-mannanase was approximately 45
kDa in this study (Figure 5). To verify whether this change
was due to glycosylation, N-deglycosylation analysis was
performed. After treatment with endo H, only a single
band was observed with a molecular size of approximately
39 kDa (Figure 5), indicating the occurrence of
N-glycosylation of the protein molecule.
The protein was further confirmed by western
blotting analysis. Western blot analysis revealed that the
protein was recognized specifically by rat anti-A. niger
β-mannanase polyclonal antibody, demonstrating that
the expressed heterogeneous protein was recombinant A.
niger β-mannanase (Figure 6).
3.5. Enzyme properties
The effects of pH and temperature on activity and stability
of β-mannanase are shown in Figure 7. The enzyme had

20

30

40

50
60
70
Temperature (°C)

b
80

90

Figure 7. Effects of pH and temperature on the activity and
stability of the recombinant A. niger β-mannanase. (A) Effect
of pH on the activity and stability of the recombinant A.
niger β-mannanase. (B) Effect of temperature on the activity
and stability of the recombinant A. niger β-mannanase. The
maximum value was set as 100%. All activity tests were done in
triplicate.
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4. Discussion
Disulfide bond formation plays an important role in
the folding of many proteins in the ER and efficient
processing is necessary for high yields of heterologous
proteins (Ngiam et al., 2000). As a molecular chaperone,
PDI can promote correct disulfide bond formation and
facilitate protein folding (Noiva, 1999). Coexpression of
PDI in various expression systems, including P. pastoris,
has improved the yields of some heterologous proteins
(Zhang et al., 2011; Shen et al., 2012; Sha et al., 2013).
In the present study, we investigated the effect of PDI
coexpression on A. niger β-mannanase secretion in P.
pastoris. The highest enzyme activity was 40 U/mL via PDI
coexpression, which is 1.5-fold greater than in the control
strain.
It is known that methanol is the only inducer for the P.
pastoris expression system. Therefore, the concentration
of methanol has a significant effect on the production of
heterologous proteins (Wu et al., 2011). After the effect
of different concentrations of methanol in the BMMY
medium on the recombinant A. niger β-mannanase
production by the GSKZαM2 strain was examined, we
found that 1.5% (v/v) methanol in the BMMY medium
was most suitable for induction for the recombinant A.
niger β-mannanase production and the optimal induction
time was 7 days. Under optimal conditions, 222.8 U/mL
of β-mannanase activity was produced, which was higher
than that of β-mannanase expressed in P. pastoris by
codon optimization and double vector system (Chen et
al., 2009; Tang et al., 2014).
It was reported that the purities of recombinant
A. sulphureus β-mannanase expressed in P. pastoris
X-33 reached 97% (Chen et al., 2007). In this work, the
recombinant A. niger β-mannanase accounted for more
than 90% of the total protein in the culture supernatant,
which was analyzed by Image Lab software (Version 4.1,
Bio-Rad). SDS-PAGE analysis of the expressed A. niger
β-mannanase from the GSKZαM2 strain showed only a
single 45-kDa protein band (Figure 5), higher than that of

the calculated molecular mass of mature peptide (39 kDa),
which was probably due to glycosylation. Inspection of
the A. niger β-mannanase amino acid sequence revealed
2 sites of N-glycosylation, N194-S195-S196 and N263F264-T265 (Figure 2). To verify whether the difference
between apparent and theoretical molecular weights
resulted from N-glycosylation, the expressed protein was
treated with the N-deglycosylating enzyme endo H. As a
result, a molecular mass of about 39 kDa was observed
on SDS-PAGE (Figure 5), suggesting that the expressed
β-mannanase was a glycoprotein.
The pH optima and temperature optima of most fungal
β-mannanases range from pH 2.4 to 7.5 and 45 to 92 °C,
respectively (Morreira and Filho, 2008). In this study,
the recombinant A. niger β-mannanase showed optimal
activity at pH 4.4 and 60 °C, similar to the β-mannanase (pH
4.5, 60 °C) from Ceriporiopsis subvermispora (Heidorne et
al., 2006). On the other hand, the recombinant A. niger
β-mannanase had a wide range of pH stability (pH 2.4–
8.0), and it was stable at temperatures below 60 °C. The
acidic feature of the recombinant A. niger β-mannanase
would enable its potential use as an animal feed additive.
It could also function well in the gastrointestinal tract of
animals once its thermostability is improved by protein
engineering.
In conclusion, this study led to the high-level
expression of the β-mannanase in P. pastoris using PDI
coexpression and optimizing the expression conditions.
One strain (GSKZαM2) with β-mannanase activity of
222.8 U/mL was obtained when it was induced under
the optimized conditions. The enzyme obtained in this
study is a glycoprotein and has good temperature and pH
stability, making it a good candidate in the feed industry.
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